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STABILITY OF NEUTRAL BEAM DRIVEN TAE MODES IN DIII-D

E.J. STRAIT, W.W. HEIDBRINK*, A.D. TURNBULL, M.S. CHU, H.H. DUONG*, **
General Atomics,

San Diego,

California, United States of America

ABSTRACT. The observed characteristics of toroidicity induced Alfvén eigenmodes (TAE) in DIII-D tokamak dis-
charges are compared in detail with predictions of various theories of TAE mode stability, and good qualitative agree-
ment is found. The observed range of unstable toroidal mode numbers (n ~ 3-6) is consistent with theoretical
predictions. For DIII-D parameters, low mode numbers are damped by coupling to the stable Alfvén continuum, while
high mode numbers are clamped by electron kinetic effects including coupling to kinetic Alfvén waves. A threshold
for destabilization is observed experimentally at a fast ion beta of approximately 1%. The predicted driving and damp-
ing rates, estimated from experimental data, balance within about a factor of two for discharges at the threshold. It is
demonstrated experimentally that the damping of TAE modes can be increased by current profile control, in this case

with a peaked current profile produced by a negative current ramp, in qualitative agreement with theoretical predic-
tions. A possible stabilizing effect of discharge elongation is also observed.

1. INTRODUCTION

Future fusion devices with significant amounts of
alpha particle heating may be subject to instabilities
driven by the free energy of the non-Maxwellian
velocity distribution and non-uniform spatial distribu-
tion of the alpha particles. The toroidicity induced
Alfvén eigenmode (TAE mode) is thought to be one of
the most dangerous such instabilities, because the birth
velocity of the alpha particles can be near the Alfvén
velocity, allowing the mode to be driven resonantly.
Once destabilized, the mode is expected to cause
anomalous loss of the alpha particles, which could pre-
vent ignition. The mode could also be destabilized by
fast ions from high energy neutral beams injected for
heating or non-inductive current drive. An understand-
ing of the driving and damping mechanisms for this
instability is essential in order to predict whether it in
fact poses a threat to fusion reactors. This understand-
ing can be gained from present experiments, in which
the TAE mode can be studied by destabilizing it with
fast ions produced by neutral beam injection.

The TAE mode has been observed experimentally in
the DIII-D {1] and TFTR [2] tokamaks, where it is
found to be capable of causing significant loss of fast
ions. Loss of up to 70% of the beam power has been
observed in DIII-D, in some cases with damage to

* University of California at Irvine, Irvine, California, United
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** Present address: Princeton Plasma Physics Laboratory,
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optical components at the vacuum vessel wall, as well
as large losses of non-resonant fusion products. These
observations emphasize the importance of understand-
ing this instability.

The TAE mode is a discrete mode which occurs in
a gap in the continuous Alfvén wave spectrum. This
gap is the result of toroidal coupling of shear Alfvén
waves with toroidal mode number # and poloidal mode
numbers m and m + 1. The existence of the TAE
mode has been predicted by analytic theories in both
the high n limit [3, 4] and the low n limit [5, 6].
Expressions have been derived for the alpha particle
driving rate [6-8], and initial estimates of the instabil-
ity threshold based on Landau damping associated with
the electron curvature drift [6, 7] suggested that the
mode could be destabilized at quite small values of the
fast ion pressure. The threshold value of the fast ion
beta, B; = pe/(B%/2u) (where p; is the fast ion pres-
sure and B the toroidal magnetic field) was found to be
of the order of 103 to 107 in these initial estimates,
significantly smaller than the experimentally observed
threshold [1, 2] of B; ~ 1072. However, subsequent
theoretical work has shown that there are several other
damping mechanisms, including ion Landau damping
[8], coupling to the stable Alfvén wave continuum
[9-11], and electron kinetic effects including coupling
to kinetic Alfvén waves [12], which may account for
the higher experimental threshold.

The TAE mode was found in independent experi-
ments in DIII-D {1} and TFTR {2}]. In the DIII-D
experiments described in Ref. [1], modes with toroidal
mode number n ~ 2-10 were observed, propagating
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relative to the plasma in the direction of beam injec-
tion. The radial and poloidal mode structure, obtained
from magnetic and soft X ray measurements, was con-
sistent with a mode located in the vicinity of the

q = 3/2 surface. The observed frequency was con-
sistent with predictions of analytic theory for TAE
modes, although a tendency was noted for the fre-
quency to decrease below this value as beam power
and beta increased. Fast ions were expelled during
bursts of the instability, with up to 45% of the beam
power being lost. Thresholds for destabilization were
reported in the ratio of the parallel component of the
fast ion speed to the Alfvén speed, vio/v, = 0.6, and
in the fast ion beta, 8; = 2%. In the more recent
experiments reported here, the fast ion loss can be
even larger (up to 70%) and the threshold in fast ion
beta smaller (3; = 1%).

Quite similar observations were reported in the
TFTR experiment [2, 13]. Two apparent differences
from DIII-D experiments were that the toroidal mode
number of maximum amplitude tends to be higher in
DIII-D (typically n ~ 3-5) than in TFTR (n ~ 2-3),
and the threshold in fast ion beta is somewhat higher
in DIII-D (8; ~ 1%) than in TFTR (3; ~ 0.5%). Pos-
sible reasons for these differences will be discussed.

The purpose of this paper is a detailed comparison
of DIII-D experiments to theoretical predictions of the
linear stability properties of TAE modes. Verification
of theoretical damping rates of TAE modes is needed
in order to be able to predict instability thresholds in
alpha heated fusion devices with confidence. Our
primary goal here is to gain insight into the scaling
and relative importance of the various physical
mechanisms which govern the behaviour of this insta-
bility. This understanding will provide guidance for
further theoretical development and will also indicate
ways in which these modes might be stabilized.

In this paper we report the first experiments aimed
at controlling the stability of TAE modes, based on the
predictions of the stability theories. These results indi-
cate that it may be possible to mitigate or avoid the
instability by control of the discharge profiles. In par-
ticular, the increased magnetic shear associated with a
centrally peaked plasma current profile can increase
the damping due to coupling to the stable Alfvén con-
tinuum, thus stabilizing the TAE mode.

In addition, we report the first experimental obser-
vations of the effect of discharge shaping on TAE
mode stability. This is important since ITER and other
future devices are expected to have highly non-circular
cross-sections. Our results again should provide guidance
for further theoretical development.

1850

Only linear stability is considered here, which is
sufficient to predict instability thresholds. Observations
of TAE induced loss of fast ions [14, 15], leading to
non-linear saturation of the instability [16], are dis-
cussed elsewhere.

This paper is organized as follows. In Section 2,
we describe the experimental characteristics of the
TAE mode, the tokamak discharges in which it occurs,
the diagnostic measurements used in these experiments,
and the equilibrium and stability calculations for which
those measurements serve as input. In Section 3, we
show that there exist thresholds for destabilization of
the mode in several parameters related to the number
and velocity of fast ions, in agreement with predictions
for the TAE mode. In Section 4, we evaluate theories
of the driving and damping rates for a marginally
unstable case. For DIII-D parameters, we find that the
damping is dominated at low mode numbers by con-
tinuum coupling, and at high mode numbers by
coupling to kinetic Alfvén waves through electron
kinetic effects. The continuum coupling, in particular,
is sensitive to details of the current profile, suggesting
that TAE modes might be controlled by modification
of the current profile; in Section 5 we describe experi-
ments which confirm this. The effects of variation in
the discharge elongation are also described. Section 6
contains a final discussion, including suggestions for
further experimental work and projections for future
devices.

2. TECHNIQUES

The DIII-D tokamak [17] is well suited for TAE
mode studies because of its capability of operation
over a wide range of discharge shapes and conditions
as well as its high neutral beam power density. The
elongated, D shaped vacuum vessel and the versatile
poloidal field coil set allow a wide range of plasma
configurations.

In this section, a specific example of a DII-D dis-
charge with TAE modes will be used to illustrate the
diagnostic measurements which are used in these
experiments, and the methods of equilibrium recon-
struction and stability analysis which are applied to
these measurements. Discharge 71 524 which forms
this example will also be used for much of the discus-
sion of TAE mode stability in subsequent sections of
the paper.

NUCLEAR FUSION, Vol.33, No.12 (1993)



2.1. Observations of TAE modes

The primary diagnostic for detection of TAE modes
in DIII-D consists of an extensive set of magnetic
probes which are located inside the vacuum vessel and
have a bandwidth of about 250 kHz. For the TAE
mode experiments, typically 40 channels are digitized
at a 500 kHz sampling rate, including an eight-channel
toroidal array located near the outboard midplane and
a 20-channel poloidal array. (Since the time of the
experiments discussed here, additional probes with a
bandwidth greater than 1 MHz have been installed.)
Because of toroidal symmetry, the toroidal mode num-
ber of an oscillation can be obtained very reliably from
the phase shifts between probes in the toroidal array.
These probes have variable spacing down to a mini-
mum of six degrees of toroidal angle, in principle
allowing resolution of mode numbers -30 < n < 30.
The location of these probes is shown later, in the dis-
cussion of diagnostics. Determination of the toroidal
and poloidal mode numbers from the magnetic probe
arrays is discussed further in Ref. [1]. The signal from
one magnetic probe in the toroidal array is also high
pass filtered, rectified, smoothed and sampled at a low
rate to provide TAE amplitude data throughout the
entire discharge. A low frequency cut-off of 90 kHz
is selected as including most of the TAE activity with
little or no contribution from harmonics of low fre-
quency. MHD activity.

4 _ f, (@)

(b}

-2 TAE
10 frrrrrrrr gyt
0 50 100 160 200 250

f (kHz)

FIG. 1. (a) Toroidal mode number spectrum and (b) power spec-
trum for typical TAE activity, obtained from magnetic probes near
the outboard midplane. 1, is the inferred TAE mode frequency in the
plasma rest frame. Discharge 71 524: By = 0.8 T, 1, = 0.6 M4,
A, =3 % 10°m3, Py = 5 MW.
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FIG. 2. Comparison of experimental and theoretical TAE frequen-
cies versus Alfvén speed. Solid circles: measured (Doppler shift
subtracted). Solid line: simple TAE theory (w = V,/2qR, q = 1.5).
Open circles: GATO calculation. Diamonds: kinetic ballooning
mode prediction (w,;, = Kgp;v; Ly). Br=0.610 1.4 T, I, = 0.6MA,

*ip

i, =3 x 10°m™>, Pyz = 5 MW.

TAE modes have a distinctive signature in the Fou-
rier spectrum of the magnetic probe data, as shown in
Fig. 1. The usual low frequency MHD activity appears
with frequencies 0 < f < 50 kHz. The unusual feature
in this spectrum is the prominent set of peaks between
70 and 150 kHz. The toroidal mode number #n of the
main spectral peaks, as obtained from the phase shifts
of the toroidal magnetic probe array, is also shown.
The toroidal rotation frequency f/n for the low fre-
quency modes is comparable to that of the bulk plasma
as measured from Doppler shifts of spectroscopic
lines. The toroidal rotation frequency for the high fre-
quency modes is significantly larger, indicating that
these modes are propagating relative to the plasma as
expected for Alfvén waves.

The measured frequency is an important piece of
evidence for identifying the observed modes as TAE
modes. Simple analytic theory for a TAE mode formed
by the coupling of Alfvén modes with toroidal mode
number 7 and poloidal mode numbers m and m + 1
gives the frequency as [6]

Va
= - 1
© = 2R ¢y

where g = (m + 1/2)/n, R is the major radius, and
va = B/ popnis the Alfvén speed, with B the magnetic

1851



STRAIT et al.

field and p,, the mass density of the plasma. This
dependence was tested by varying the toroidal field
from 0.6 T to 1.4 T in a sequence of otherwise similar
discharges. The plasma current was held fixed at
0.6 MA, the line averaged electron density at

3 x 10 m™3, and the neutral beam power at 5 MW,
As seen in Fig. 2, the observed frequency increases
linearly with the Alfvén speed and agrees well with the
simple theoretical expression above if ¢ = 3/2. The
measured frequency plotted here has been corrected for
the Doppler shift associated with toroidal rotation of
the plasma, as discussed in Ref. [1]. In this plot, a
representative Alfvén speed was estimated by using the
line average density; discharge 71 524 corresponds to
an Alfvén speed of v, = 2.2 X 10° m/s. The TAE
frequency was calculated for two cases using the
GATO code and complete equilibrium reconstructions,
as described below. This more accurate theoretical
prediction is also in good agreement with the observed
frequency, as shown in Fig. 2. In both cases, multiple
TAE modes at slightly different frequencies were
found with GATO [18, 19]. The lower calculated
frequencies agree well with the experimental values,
while the predicted modes with higher frequencies are
expected to be stabilized by coupling to the continuum
near the edge of the discharge.

The very good agreement between the observed fre-
quency and TAE mode theory is strong evidence that
the observed modes are in fact TAE modes. Another
possibility which was considered is that the observed
modes might be kinetically destabilized ballooning
modes [20], which could also be driven by the fast
ions. A characteristic frequency for these modes is
expected to be the ion diamagnetic drift frequency:

w = wyp = kgpivyLyi, Where kg is the poloidal wave-
number, p; and v, are the gyroradius and thermal
velocity of the thermal ions, and Ly is the thermal ion
pressure gradient scale length. This frequency is also
plotted in Fig. 2, evaluated at the ¢ = 3/2 surface,
which coincides approximately with the maximum ion
pressure gradient, and using k, = (3/2) n/r, where n is
the observed toroidal mode number with maximum
amplitude. The drift frequency w., decreases slightly
during the toroidal field scan, in disagreement with the
observed frequency. This disagreement eliminates the
possibility that the observed modes are kinetic balloon-
ing modes.

2.2. Discharge parameters

Theories of the fast ion contribution to the growth
rate of the TAE mode [6, 7, 8] show that destabiliza-
tion requires w«/w > 1 and ve/v, = 1, where ws is

1852

the fast ion diamagnetic drift frequency, « is the real
frequency of the mode, v¢ is the fast ion speed, and v,
is the Alfvén speed. The growth rate is maximized
when the ratio v¢/v, is near unity and the fast ion
pressure gradient is large. (Weaker destabilization
can also occur via a sideband resonance {8, 21, 22]
when ve/v, = 1/3.)

TAE modes can be strongly destabilized in DIII-D
over a wide range of discharge configurations. The
main restriction is that the toroidal field must be
reduced from DIII-D’s maximum of 2.1 T in order
to reduce the Alfvén speed to a value near the fast
ion speed: for a typical DIII-D case of 75 keV deu-
terium beams injected into a deuterium plasma with
a density of 3 X 10! m™3, the Alfvén speed equals the
injected fast ion speed when the toroidal field is 0.95 T.
At high normalized beta (8 > 3 [/aB) some changes in
TAE mode behaviour have been observed [19]. The
present paper excludes this regime, which is discussed
elsewhere [23]. In order to operate at low field and
high power without encountering the MHD beta limit,
regimes of good energy confinement such as the
H mode must be avoided. The H mode is also un-
desirable for TAE mode experiments because the large
density rise usually associated with the H mode would
decrease the fast ion slowing down time, reducing the
pressure of unthermalized fast ions. Since low density
L mode limiter discharges allow the widest range and
most reliable control of parameters such as B, ws/w,
and v¢/uy, they were chosen for the TAE mode experi-
ments which will be discussed here.

The equilibrium flux surfaces for discharge 71 524
are shown in Fig. 3. The plasma has an elliptical
cross-section with a modest elongation of k ~ 1.6
and is limited on the graphite armour of the vacuum
vessel’s inner wall. The toroidal field B is 0.8 T, the
plasma current I is 0.6 MA, and the safety factor g is
4.9 at the limiter flux surface. At this time in the dis-
charge, 5 MW of deuterium neutral beams are injected
into a deuterium plasma with a line-average density of
3 x 10 m3. The volume averaged toroidal beta, Br,
is 3.5%.

Although the DIII-D neutral beam injector angles
are fixed, half of the beams are quasi-tangential (with
a tangency radius R, = 1.10 m), while the other half
are quasi-perpendicular (with R, = 0.74 m). Only
quasi-tangential beams were used for discharge 71 524
and the other cases discussed in detail in this paper, in
order to maximize the parallel component of the fast
ion speed. (The one exception is a case where quasi-
perpendicular beams were used to determine the effect
of varying the injection angle.)

NUCLEAR FUSION, Vol.33, No.12 (1993)
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FIG. 3. Equilibrium flux surfaces and diagnostic measurement locations for discharge 71 524. The

q = 1 surface and last closed surface are shown as solid lines. Also shown in cross-section are the
poloidal field coils (shaded), vacuum vessel (heavy outline) and limiter surfaces. Diagnostic locations
include (a) vertical CO, laser interferometer chords, and viewing points for charge exchange recombina-
tion (CER) and Thomson scattering, and (b) motional Stark effect (MSE) measurement point, soft X ray
(SXR) chords corresponding to the sawtooth inversion, magnetic flux loops ouiside the vacuum vessel,
and poloidal magnetic field probes inside the vessel. The poloidal location of the toroidal array of mag-

netic probes is indicated.

2.3. Equilibrium reconstruction and diagnostics

In order to evaluate the stability of TAE modes in
an experimental discharge, the equilibrium must be
known accurately. The EFIT code [24, 25] solves the
Grad-Shafranov equilibrium equation to obtain a
reconstruction of the equilibrium incorporating all
available data: magnetic measurements as well as pres-
sure and current profile measurements. Polynomial
forms are used for the pressure and current profile
related flux functions p’ and ff'. It must be emphasized
that these profiles are not fixed inputs provided to the
code; rather, the coefficients of the polynomials are
optimized to obtain the best simultaneous fit to all
available data.

In the equilibrium reconstruction, magnetic data are
obtained from 40 axisymmetric flux loops outside the
vacuum vessel, and a poloidal array of 31 magnetic
probes inside the vessel. The electron temperature pro-

NUCLEAR FUSION, Vol.33, No.12 (1993)

file is obtained from multipulse Nd-YAG laser Thom-
son scattering along a vertical path [26]. The electron
density profile is obtained from Thomson scattering
plus three vertical CO, laser interferometer chords.
Ton temperature and toroidal rotation speed profiles
are obtained from charge exchange recombination
spectroscopy, utilizing one of the heating neutral
beams [27]. The deuterium ion density is calculated
from visible bremsstrahlung measurement of Z., the
measured electron density profile, and charge neutral-
ity. Information about the current profile is obtained
from a single-point motional Stark effect measurement
of the pitch angle of the poloidal magnetic field [28],
and from the location of the ¢ = 1 surface as inferred
from soft X ray observations of the sawtooth inversion
radius. (Since the time of the experiments discussed
here, the motional Stark effect diagnostic has been
upgraded to 8 channels.) The locations of all of these
measurements are shown in Fig. 3.
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FIG. 4. Radial profiles for discharge 71 524: (a) T, from Thomson scattering, (b) n, from Thomson
scattering and CO, interferometers, and (c) T, from charge exchange recombination spectroscopy.‘Mea-
sured data points and cubic spline fit ‘curves are shown. The total pressure profile (d) is calculated from
the spline fits to the temperature and density profiles, and the classically calculated fast ion pressure

profile (also shown).

The mass density is estimated from the electron
density by assuming a mass to charge ratio A/Z = 2,
which is valid for fully stripped light impurities as well
as for the majority deuterium ions. Charge exchange
recombination spectroscopy typically indicates a hydro-
gen concentration of less than 1% after an extended
period of operation with deuterium, as was the case
here. Spectroscopic data show that the dominant impu-
rity in these discharges is carbon, as expected from the
use of the inner wall’s graphite armour as a limiter.
The concentration of nickel, the most prevalent heavy
impurity, is about two orders of magnitude smaller
than the carbon concentration; therefore nickel can be
neglected in the mass density.

The impurity density profile was calculated for dis-
charge 71 524, using visible bremsstrahlung profile
data and the measured electron density profile as input
to a coronal equilibrium model in the ONETWO trans-
port code [29]. Assuming that carbon is the only impu-
rity, the calculation yields an average mass-to-charge

1854

ratio between 2.0 and 2.1 except in the outermost 10%
of the minor radius, where it rises to about 2.5 at the
edge of the plasma. Hence, with the square-root
dependence of the Alfvén speed on the mass density,
the assumption A/Z = 2 introduces only small errors
which are restricted to the edge of the plasma.

The fast ion pressure profile is not measured
directly, but instead is calculated by the ONETWO
transport code [29], using the actual discharge geo-
metry, density and temperature profiles, and neutral
beam geometry, and assuming classical slowing down
of the ions. In these low- density discharges, the
majority of the D-D fusion reactions are beam-target
reactions, so the neutron emission as measured by
scintillator detectors is proportional to the fast ion den-
sity. Anomalous loss of fast ions can be inferred from
the neutron emission [1, 15], either by a comparison
of the measured average emission to the classically
predicted value or by the magnitude and repetition rate
of the drops in neutron emission which occur during

NUCLEAR FUSION, Vol.33, No.12 (1993)



bursts of TAE activity; these two methods generally
agree well [15]. The fast ion pressure profile calcu-
lated from ONETWO is then reduced by the inferred
anomalous loss.

Figure 4 shows the measured electron density, elec-
tron temperature, and ion temperature profile data used
as input for the equilibrium reconstruction of discharge
71 524. Since the data are obtained at different loca-
tions and some measurements are line integrated, a
spline fit is made of each profile as a function of a
normalized flux co-ordinate. The poloidal flux is
obtained from an initial equilibrium reconstruction
using magnetic data only; in general, the magnetic
flux geometry is found to change very little between
this initial reconstruction and the final version using
the measured profile data. These spline fits, along with
the calculated fast ion pressure (also shown in Fig. 4),
make up the actual profiles used as input to the EFIT
code.

There is a large uncertainty in the fast ion pressure
profile for these discharges. The classically calculated
profile cannot be relied upon, because of anomalous
loss of the fast ions in the presence of TAE modes. In
the absence of a direct measurement, this difficulty can
only be dealt with by considering a range of plausible

6.0

4.0 1

3.0

2.0

10%J/m?

1.0

0.0
5.0
a0 safety factor
3.0
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107 (b)
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1 T T T -
00 02 04 06 08 10
X (normalized radius)

FIG. 5. Equilibrium profiles of {a) total pressure and fast ion

pressure, and (b) safety factor from equilibrium fits for discharge
71 524. The input pressure profiles (dashed lines) are the same as
in Fig. 4(d). Three possible equilibria, (A, B, and C) are shown..
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fast ion pressure profiles in the equilibrium reconstruc-
tion. The pressure and safety factor profiles obtained
for three such equilibria are shown in Fig. 5, along
with the fast ion pressure inferred by subtracting the
measured thermal pressure from the equilibrium pres-
sure. In Case A, the equilibrium pressure profile was
forced to follow closely the input pressure profile,
including the classically calculated fast ion profile. In
Case B, the central pressure profile was weighted less
strongly in the equilibrium fit, resuiting in a flatter fast
ion profile. In Case C, p'(y) was constrained to be
small at the centre of the discharge, leading to a very
flat fast ion profile. The total stored energy agrees
equally well with diamagnetic loop measurements in
all three cases. However, the fit to the other magnetic
data (flux loops and magnetic probes) is best for
Case B, and the major radius of the equilibrium g = 1
surface agrees best with the soft X ray sawtooth inver-
sion radius in Case B. The flux surfaces shown in

Fig. 3 are those of Case B.

2.4, Stability calculations

The reconstructed equilibrium is used as an input to
several ideal MHD stability codes which calculate the

O-O L LA R S o
0O 02 04 06 08 1
¥ (normalized flux)

FIG. 6. Alfvén spectrum for discharge 71 524. The frequency is
normalized to w, = v,/qR evaluated at the magnetic axis. Solid
curves show the continuum spectrum for n = 3, and dotted curves
show the envelope for the continua of all mode numbers, both cal-
culated by CONT. The TAE frequency predicted by GATO is also
shown.
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gap structure of the Alfvén continuum, and the fre-
quency and structure of TAE modes within the gap in
the limits of high and low n. The codes discussed here
do not incorporate kinetic effects or dissipation; so
they are not capable of calculating growth and damp-
ing rates for the TAE modes. The equilibrium of
Case B above is chosen for analysis here because it
provides the best fit to magnetic and soft X ray data.

The structure of the shear Alfvén wave continuum
spectrum is calculated with a modified version of the
CONT code [5, 30]. The result is plotted in Fig. 6 for
toroidal mode number n = 3, representative of the
observed spectrum in Fig. 1. (In this example, acoustic
wave coupling is omitted, i.e. incompressibility is
assumed.) Several gaps in the Alfvén continuum spec-
trum are seen. The first gap at low frequency is caused
by the coupling of Alfvén waves with poloidal mode
numbers m and m + 1. It is in this gap that the TAE
mode frequency is expected to appear. The large
second gap at higher frequency is caused by the
coupling of Alfvén waves with poloidal mode numbers
m and m + 2, induced by the vertical elongation of
the discharge. Ellipticity induced Alfvén eigenmodes
(EAE modes) may exist in this gap. An envelope equa-
tion has been derived [30] for the gaps in the spectrum
for all n, and this envelope is also shown.

The low n ideal MHD stability code GATO [31] has
been modified to calculate stable ideal MHD eigen-
modes. This code is used to find the real frequency

q= 7/6 9/8 1W6.....
1 J [ R
010 [n=3] 6.7

3

<L 0.05 m=4

o / '
e S e

LR S
00 02 04 06 08 10
¥ (normalized flux)

FIG. 7. Radial mode structure for a TAE mode in discharge
71 524, calculated by GATO. Amplitudes of the various poloidal
harmonics are obtained from a spatial Fourier decomposition.
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and mode structure of TAE modes for the experimen-
tal equilibrium, in full toroidal geometry [18, 32]. The
calculated frequency for a TAE mode with n = 3 is
shown in Fig. 6, again with acoustic wave coupling
omitted. The gaps associated with the various pairs of
poloidal modes m and m + 1 are well enough aligned
that the TAE mode frequency does not coincide with
the continuum frequency (a possible source of damp-
ing), except possibly very near the centre of the dis-
charge. As seen in Fig. 7, the eigenmode has a broad
radial structure, with many poloidal harmonics. Several
TAE modes are often found [18, 19], probably as a
result of coupling of the single gap modes associated
with different rational g surfaces [33].

3. EXPERIMENTAL INSTABILITY THRESHOLDS
AND SATURATION

The existence of the TAE mode has been demon-
strated experimentally. The observation of large fast
ion loss, discussed briefly below and in more detail in
Ref. [15], shows that once it is destabilized the mode
can have very undesirable consequences. In order to
predict how to avoid the TAE mode in ITER or other
burning plasma devices, the conditions for destabiliza-
tion must be understood. In this section we shall
describe the experimentally observed thresholds, and
in the following section we shall compare these to
theoretical predictions for the stability of the mode.

In order for a TAE mode to be destabilized by the
free energy of the fast ion pressure gradient, two
threshold conditions must be satisfied, as stated earlier.
The first is a resonance condition: the fast ions must
have the appropriate velocity to resonate with the
Alfvén wave. That is, fast ions must be present with a
velocity component v along the magnetic field com-
parable to the Alfvén speed v,. The second is a stabil-
ity condition: the gradient of the fast ion beta must be
large enough to overcome the damping of the wave.
The marginal stability condition provides a threshold
criterion for 3; which depends on the physics of the
damping mechanisms. The existence of thresholds in
ui/va and B¢ has been demonstrated in a general way
for a DIII-D database covering a wide range of dis-
charge conditions {1], and an updated version of the
threshold database will be shown here. In this section
we shall also show examples of these thresholds in
specific discharges and select a marginally stable case
for analysis of the damping mechanisms. The fast ion
loss caused by the TAE mode and the saturated ampli-
tude of the mode will also be briefly discussed.
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FIG. 8. Comparison of neutral beam injection angle, showing
beam power and TAE activity (high pass filtered magnetic fluctua-
tion amplitude, (dBy/dt), 90 < f < 250 kHz). (a) Quasi-tangential
beams (solid line) followed by quasi-perpendicular beams (dashed
line). (b) Quasi-perpendicular beams followed by quasi-tangential
beams. Discharges 71 497 and 71 498: By = 1.0 T, I, = 0.6 M4,
A, =3x10"m>

The existence of a threshold in vy/v, implies that the
stability of the observed mode should be sensitive to
the angle of beam injection, and this is observed
experimentally. An experiment was performed in
which 10 MW of quasi-tangential beams were inejected
for 500 ms, followed by 10 MW of quasi-perpendicular
beams for another 500 ms. The discharge was then
repeated with the order of the two sets of beams
reversed. As shown in Fig. 8, in both discharges the
TAE activity was much stronger during the quasi-
tangential injection. The ratio of the parallel compo-
nent of the initial fast ion velocity to the Alfvén speed
is vy/vs = 0.5 for the quasi-perpendicular case and
vio/us = 0.75 for the quasi-tangential case, suggesting
that the threshold lies between these values. Here, vy,
is evaluated at the magnetic axis for the nominal tan-
gency radius of injection, and v, is estimated by using
the line averaged density n, and the vacuum toroidal
field at the magnetic axis. For all other experiments
discussed in this paper, only quasi-tangential beams
were used in order to drive the TAE modes as strongly
as possible. The threshold in vo/v, found by varying
v, at fixed vy agrees with the preceding results, as
will be discussed in more detail in Section 4.

There are several possible explanations for the fact
that the observed threshold value vyy/v, = 0.6 is
below the expected value of unity. Pitch angle scatter-
ing tends to isotropize the fast ions, creating a tail on
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the distribution with v, up to the birth velocity v, of
the fast ions [1]. The observed threshold in terms of
vg is vo/va = 0.9 for the quasi-tangential beams.
Notice also that the actual frequency of the mode,
from both experimental measurements and calculations
with the GATO code, is 10% to 20% lower than
predicted by simple theory. This suggests that in the
resonance condition rewritten as vy = w/ky, the value
of w on the righthand side should be reduced by 10%
to 20% from the simple estimates used here, bringing
the two sides into closer agreement. Furthermore, a
contribution is expected from the sideband resonance
[8, 21, 22], which requires only vy/vs > 1/3. Finite
fast ion orbit width effects [34] may enhance the driv-
ing rate for 1/3 < yp/v, < 1.

It has also recently been shown that trapped ions
may drive TAE modes by resonance with their pre-
cessional drift [21, 34], in which case the criterion
vio = va of course does not apply. Experiments in
TFTR have shown that TAE modes can be destabilized
by a population of trapped ions created with ICRF
heating [35]. The driving rates may be comparable for
the same pressures of circulating or trapped fast ions.
However, Monte Carlo calculations show that for
quasi-tangential injection in DIII-D, a large majority of
the fast ions are born on circulating orbits [36], so we
do not expect trapped ions to play a large role in the
present experiments.

The second anticipated threshold condition, the
stability condition for the fast ion pressure, can be
observed in a scan of the neutral beam power. For the
example of discharge 71 524 presented here, the beam
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FIG. 9. Dependence of TAE activity on neutral beam power in
discharge 71 524. The fast ion beta predicted by using classical
slowing down (dashed line) is compared to the experimental value
inferred from neutron emission (solid line). The time averaged TAE
amplitude at the outboard wall (dotted line) is also shown.
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power was increased in steps of 2.5 MW during a
single discharge. The duration at each power level was
several times the fast ion slowing down time and the
thermal energy confinement time, allowing a thermal
equilibrium to be approached. As seen in Fig. 9, the
TAE amplitude increases rapidly when the power
exceeds about 5 MW and the fast ion beta exceeds
about 1%. (The threshold case at 5 MW will be used
for a more detailed analysis in Section 4 below.) The
fast ion beta predicted by the classical slowing down
calculation in the ONETWO code increases approxi-
mately linearly with the beam power. However, as the
TAE amplitude increases, the anomalous fast ion loss
estimated from the neutron emission also increases, up
to a loss of almost half of the fast ions at 10 MW of
input power. The net fast ion beta, estimated by sub-
tracting the anomalous loss from the classical predic-
tion, saturates at 3; = 1.2%. It should be noted that
this estimate also includes fast ion loss from other
causes (e.g. fishbone instabilities); the largest fast ion
loss may occur from the simultaneous action of fish-
bones and TAE modes [15].

The strong saturation of fast ion beta seen in Fig. 9
is consistent with the expectation that fast ion loss
induced by the TAE mode is the primary mechanism
for non-linear saturation of the mode [16, 37]. The fast
ion loss [15] and non-linear saturation [16] are dis-
cussed elsewhere, but we will note the following points.
The TAE activity is sometimes observed as large
amplitude bursts lasting only a few cycles and some-
times as a nearly continuous oscillation; a mechanism
has been proposed for the non-linear saturation of the
mode which includes both types of behaviour [38]. In
the present examples, under conditions of a large,
nearly continuous oscillation and saturated fast ion
beta, the peak amplitude measured by magnetic probes
at the outer wall can be as large as 6B/B ~ 107,
GATO calculations show that 6By is about an order of
magnitude larger at its peak in the plasma than at the
edge, while 6B, is somewhat smaller than 6By, consis-
tent with k-8B = 0. Then the perturbation in the
plasma is roughly 6B/B ~ 5 X 10~ which is near the
predicted threshold 8B,/B ~ 10-3 for stochastic orbits
and large fast ion loss [39].

A more general determination of the thresholds for
destabilization of TAE modes has been obtained from
an examination of all DIII-D discharges with a suffi-
ciently high sampling rate for the magnetic data
(Nyquist frequency =250 kHz). In this study the
‘classical’ fast ion beta was estimated from the beam
power, stored energy, and 7., on the assumption of
classical slowing down; comparison of this estimate
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with ONETWO calculations for several discharges
shows that the typical error in the estimated fast ion
beta is ~25%. For the unstable cases, fast ion losses
can reduce the actual fast ion beta by more than 50%
from the classical estimate, but the losses are negligi-
ble for most of the stable conditions.

The results, shown in Fig. 10, indicate that TAE
modes are usually unstable in plasmas that have intense
populations of fast ions with v = v,. The instability
is present but generally weaker for 0.7 < vdv, s 1.
The threshold in fast ion beta is about 3; ~ 1%, al-
though there are a few marginally unstable cases with
smaller B3;. Instability is observed over a very wide
range in parameter space, including currents between
0.4 and 1.2 MA, toroidal fields between 0.7 and 1.4 T,
edge safety factors between 2.0 and 7.7, densities
between 2.0 and 5.6 X 10'° m™, and beam powers
between 2 and 19 MW, TAE modes occur in nearly
circular (x = 1.1) and highly elongated (x = 2.2)
plasmas, in both limiter and divertor configurations,
and in both L mode and H mode discharges. They have
not been observed for v;/vy, > 1.6, for By < 0.4%, for
low normalized beta (8y = B/(I/aB) < 1.6), or during
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FIG. 10. Range of observed TAE instability in the DIII-D data-
base, shown versus the classically estimated fast ion beta B3¢, and
the ratio of injected fast ion speed to the Alfvén speed. The data
include both deuterium and hydrogen injection (Pyg = 2 to 19 MW)
into both divertor and limiter discharges with By = 0.6 t0 2.2 T,

L, =04t01.6MA, T, =20t 84X 10°m™’, g5 = 2.0

to 7.7, k = 1.110 2.2, dl,/dt = —4.1 to 1.4 MA/s, and 3y = 0.4
to 6.4.
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hydrogen beam injection.. The absence of TAE modes
at low By is a consequence of the requirements of high
beam power and low toroidal field (to achieve v/v, ~ 1)
which together tend to produce high 8y plasmas, while
their absence during hydrogen beam injection is prob-
ably a result of the shorter slowing down time for the
beam ions, leading to a smaller fast ion beta.

4. COMPARISON WITH
LINEAR GROWTH RATE THEORIES

In this section we compare the observed characteris-
tics of TAE modes against published theories for the
linear driving and damping rates. The main purpose
here is to gain insight into the scaling and relative
importance of the various physical mechanisms which
govern the behaviour of this instability. This under-
standing will show which theories should be empha-
sized in future work and will allow us to begin to
consider how to control or avoid the instability.

In the present state of theory and experimental ana-
lysis, we cannot hope to make an accurate, quantitative
comparison of all theories for the experimental dis-
charges. To date much of the theoretical work on
growth rates (and all theories to be discussed in this
section) have employed the simplifying assumptions
of large aspect ratio, low beta, and a circular cross-
section; clearly these approximations are not good for
the DIII-D discharges studied here. Additional simpli-
fying assumptions will also be mentioned below. Fur-
thermore, as discussed above in Section 2.3, there is
some uncertainty in the experimental fast ion pressure
profile. Therefore it must be understood that, when
these theories are discussed here in connection with
DII-D data, the quantitative values are not to be taken
too seriously. Nevertheless, the results should be
qualitatively meaningful.

In this analysis the plasma is modelled in one dimen-
sion. All theories applied in this section are local the-
ories. That is, the TAE mode is assumed to be radially
localized (despite the GATO calculations shown in
Fig. 7, for example, which indicate a rather broad
radial structure) so that the theoretical expressions
are evaluated by using only the local values of the
experimental profiles and their gradients. Profiles of
density, temperature, safety factor, etc. are obtained
from equilibrium reconstructions with complete profile
data, as discussed in Section 2. Gradients are evaluated
along the minor radius r at the midplane, on the out-
board side of the magnetic axis, since this is the loca-
tion of largest mode amplitude.
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The fast ions drive the mode resonantly and may
also contribute to Landau damping. Several similar
expressions have been derived for the fast ion driving
rate [6-8]. We have chosen to use Eq. (69) of Ref. 8],
which uses a slowing down velocity distribution and
incorporates the v,/3 sideband term:

Yoo 2 2\ pu 1, (%
@ q ﬁf {nq (3> Lpf [hs(xf) + 3 hs<3>]
—[gs(xf) + g @)B A + kepp)™! 2)

Here, v; is the growth rate due to the fast ions, w is
the real frequency of the mode, n is the toroidal mode
number, ¢ is the safety factor of the resonant flux sur-
face, x; = v,/v; where v is the initial velocity of the
fast ions, pg is the poloidal gyroradius of the fast ions,
and Ly = —p; (dps/dr)~! is the fast ion pressure gradient
scale length. Integrals over the slowing-down distribu-
tion are expressed by A (x) = 3n/16) (1 + 6x? — 4x3
—3x"H(1 — x)and g,(x) = B7/16)x (3 + 4x — 6x*—x%)
H(1l — x), where H is the Heaviside step function.
Landau damping by the magnetic curvature drift of
the fast ions is also included in Eq. (2). The fast
ion velocity distribution is assumed to be isotropic,
which may be a poor approximation for beam heated
discharges.

Equation (2) includes a finite Larmor radius term
for the fast ions which was not present in Ref. [8]. At
high mode numbers, the poloidal wavelength of the
mode may approach the fast ion gyroradius, weakening
the wave-particle interaction. The right hand side of
Eq. (2) includes an approximate correction for FLR
effects [40] through the factor (1 + kyo;)!, where
ks = m/r is the poloidal wavenumber and p; is the
fast ion gyroradius. Then with the leading terms
ng pgr < kg pg, the expression for +; increases linearly
with mode number for kyp; << 1, and saturates for
kspr = 1. It has been suggested that the radial width
A, of the TAE mode may become narrower than the
radial excursion A, = gp; of the drift orbits of passing
ions, leading to a factor A /A, ~ (k07! reduction in
the driving term [41]. Recent numerical calculations
[34] suggest that finite orbit width effects become
important at kyp; > 1. However, GATO calculations
and experimental measurements [1] indicate that the
mode structure is broad with many poloidal harmonics.
Therefore we use an estimate of the radial width con-
sistent with an extended mode structure formed by
coupling of several TAE modes at neighbouring ratio-
nal surfaces [33], A,/r = &/s, where & = ges/s,, 0 = 5/2,
€ is the inverse aspect ratio of the flux surface,
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s = (r/q) (dg/dr) is the magnetic shear, and

sy = (rlwa)(dw,/dr) is the shear in the Alfvén fre-
quency w, = va/qR. With this definition, in most cases
A, > A,; therefore the radial orbit width correction is
omitted in Eq. (2).

The presence of a background thermal plasma leads
to Landau damping of a propagating wave. Several
similar expressions have been derived for Landau
damping of the TAE mode [6-8]. We have chosen
to use Eq. (66) of Ref. [8], for consistency with the
fast ion driving term, and because it includes the v,/3
sideband term:

Ye

- - _qzﬁe I:gm(xe) * &m <£E>j| €)]
w 3

o= g2, [gmm) + &n <i>} @)
W 3

Here . and v; are the Landau damping rates due to
magnetic curvature drift of the thermal electrons and
ions, with x, = vs/v, and x; = v,/v;, where v, and v
are the electron and ion thermal velocities. Integrals
over the Maxwellian distributions are expressed by
gn() = (@V%2) x(1 + 2x* + 2x%) e~ For typical
tokamak parameters and moderately low mode num-
bers as observed in this experiment, Landau damping
due to electron parallel motion is small compared to
the curvature drift contribution [42].

Coupling to the stable Alfvén wave continuum is a
potentially important damping mechanism. Theoretical
expressions have been developed for continuum damp-
ing in the high s limit [9, 10] and the low n limit [11].
Some progress has also been made in numerical calcu-
lations for more realistic discharge geometries [43-46].
We have chosen to use Eq. (13) of Ref. [10], which
can be applied for arbitrary values of the magnetic
shear:

Ye ge 1 1 -
—_— = —— 5
w2 <go(s) " gm(s)> ©)
with

G(s) . .
8w (s) = [exp(—méH (s)) + exp(—méH_(s))] (6)

(mé)3/2
where v, is the continuum damping rate, and s and é
have been defined above. Numerical values for gy(s),
G(s), H.(s), and H_(s) are taken from Table I of

Ref. [10], along with asymptotic expressions for the
limits of high and low shear. The functions go(s) and
g.(8) are asymptotic values for low and high mé,
respectively, representing the limiting cases of a single
TAE mode and the coupling of several adjacent

TAE modes. It should again be noted that this is
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essentially a local theory and may not be a good
approximation for DIII-D discharges. For example,
with the proper choice of profiles the TAE frequency
could fail to intersect the continuum, resulting in little
or no continuum damping. Such a case is discussed in
Section 5.1 below.

A non-perturbative kinetic analysis of electron
parallel dynamics has been developed [12], including
such non-ideal effects as collisions, trapped electrons,
and coupling to kinetic Alfvén waves. The predicted
damping rate can be much larger than for collisionless
Landau damping, primarily because of the kinetic
Alfvén wave coupling. A somewhat smaller damping
rate is obtained from a theory which includes only
trapped electron collisions [47].

We use the analytic form given in Eq. (42) of
Ref. [12]:

Y _3[M <_F_> &T” o
@ 2m+1 \22/) r

where v, is the damping due to electron kinetic effects,
and p, is the ion gyroradius evaluated at the electron
thermal speed. This expression is valid when 85%(2¢) >
o/ Im(m + DIV (2m + 1) = 1, which is satisfied
in the DIII-D examples for m = 2-3.

These expressions can now be evaluated by using
experimental data and can be compared with the
observed thresholds. The resonance threshold condi-
tion is expressed as ¢ > 0, while the stability thresh-
old condition is y¢ + v. + v + 7. + v« > 0.

A comparison of the calculated resonance condition
with the observed threshold in v¢/v, is shown in Fig. 11.
Here v, was varied by changing the toroidal field with
plasma current, density, and beam power held con-
stant; the data come from the toroidal field scan dis-
cussed in Section 2. In Fig. 11(a) the fast ion driving
rate v; given in Eq. (2) is evaluated by using py, py,
and Ly at the ¢ = 3/2 surface in discharge 71 524
with 5 MW injected, with a typical experimental value
n = 4 for the toroidal mode number. The parameters
B¢ and v¢/v, are then scaled appropriately to model a
scan of the toroidal field, while p;, g, and Ly are held
fixed as expected for constant beam power, density
and plasma current. The two thresholds at vy = va/3
and v; = v, are seen. The observed TAE mode ampli-
tude is plotted versus vs/u,, consistent with the assump-
tion of an isotropic fast ion velocity distribution. As
seen in Fig. 11(b), the observed amplitude is qualita-
tively consistent with the calculated fast ion driving
rate, including the small but non-zero amplitude at
1/3 < wv/v, < 1, the increase by an order of magni-
tude at ve/v, ~ 1, and the saturation at high v;/u,.
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FIG. 11. Comparison of predicted and measured threshold in
vp/uy, the ratio of injected fast ion speed to the Alfvén speed.

(a) Predicted fast ion driving rate, estimated for n = 4 at q = 3/2
in discharge 71.524 and scaled with varying By. (b) Time averaged
TAE amplitude at the outboard wall from Fourier analysis of mag-
netic probe signals. (c) Proportion of fast ions lost due to MHD
activity, estimated from neutron emission. The discharges are the
same scan of the toroidal field shown in Fig. 2.

The anomalous fast ion loss inferred from the neutron
emission, shown in Fig. 11(c), is well correlated with
the TAE mode amplitude and also increases by about
an order of magnitude as v;/v, increases above unity.

In order to understand the stability threshold, the
expressions for the various contributions to the growth
rate of the TAE mode are plotted in Fig. 12 for the
slightly unstable case corresponding to the 5 MW
phase of discharge 71 524 (see Fig. 9). A typical
experimental value n = 4 is again chosen for the toroi-
dal mode number. Results are shown for the three
pressure profile cases discussed in Section 2.3. The
differences in the p and p; profiles lead to large differ-
ences in the v, profile and to smaller differences in ~,
and v, through the magnetic shear.
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FIG. 12. Radial profiles of predicted contributions to the TAE
mode growth rate y/w, evaluated for n = 4 in discharge 71 524, ~;:
fast ion drive, —v, and —~;: electron and ion Landau damping,
—v,: continuum damping, —v,: electron kinetic damping. The
shaded bands represent the profile variation between the three
equilibrium cases (A, B, C) shown in Fig. 5; the solid bars at the
top represent the variation in the positions of rational q surfaces.

In this figure, each growth rate term is evaluated
and plotted as a continuous function across the minor
radius of the plasma. For a given value of n, the
poloidal mode number is treated as a continuous varia-
ble: m(r) = nq(r) — 1/2. Since these expressions are
taken from local theories, they should be interpreted as
applying to a localized TAE mode at each radial loca-
tion. Although the results are plotted as continuous
curves, it must be kept in mind that TAE modes are
associated only with integer values of m, correspond-
ing to discrete values of ¢ = (m -+ 1/2)/n. While the
radial structure of the TAE mode has proved difficult
to measure experimentally in DIII-D, both GATO cal-
culations [18, 19] and soft X ray measurements [1]
indicate that the mode amplitude is peaked near the
g = 3/2 surface. A comparison of the inferred Doppler
shift of the mode [1] with the measured toroidal rota-
tion velocity profile is consistent with a radial location
between ¢ = 1 and g = 3/2. Therefore the region
1 < g < 2 is of greatest interest for the estimation of
driving and damping rates.
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The relative importance of the various terms can be
easily seen in Fig. 12. (Note the logarithmic scale of
the ordinate.) Electron Landau damping is very small,
rising only at the edge where the electron temperature
is very low. The v,/3 sideband term allows a signifi-
cant contribution from ion Landau damping in the
region of high ion temperature near the centre of the
discharge. Continuum damping rises rapidly with
minor radius as € and shear increase. The fast ion
driving term drops rapidly at ¢ = 2, as the fast ion
pressure gradient becomes small. Over much of the
region 1 < g < 2, where the mode amplitude is
expected to be largest, the fast ion driving rate is much
larger than either the Landau damping or the continuum
damping rate. Only the electron kinetic damping rate is
large enough to match or exceed the fast ion drive.
These qualitative conclusions hold for all three pres-
sure profile cases. '

The fast ion driving rate v; and the total damping
rate, essentially equal to —+, for n = 4, balance
within about a factor of two, with experiment being
somewhat more unstable than predicted. This agree-
ment is quite good, given that the theories are not
strictly applicable to the experimental configuration.
Furthermore, in one model case, a more exact numeri-
cal calculation gave a value for v, about a factor of
two smaller than the analytic expression [12]. If the
same ratio applies to the DIII-D discharge considered
here, then —+, would agree more closely with ;.
However, because of the many approximations and
uncertainties in applying these theoretical expressions,
the general trends and orders of magnitude must be
considered more significant than precise numerical
agreement,

The observed range of mode numbers is consistent
with the predicted dependence of the driving and
damping terms on the mode number. The fast ion driv-
ing rate increases with the mode number (neglecting
the fast ion Landau damping contribution) until the
FLR term causes it to saturate: thus y; « n at low n,
and y; ~ const at high n. The ion and electron Landau
damping rates —v; and —+, are independent of n, the
continuum damping rate decreases with n approxi-
mately as —v, o n~¥2, while the electron kinetic
damping increases with n approximately as
—v, & n*¥®, These trends are illustrated in Fig. 13,
where the various v’s are evaluated at the ¢ = 3/2
surface using the pressure profile of Case B. (The
q = 3/2 surface is chosen as representative, because
GATO calculations show the largest mode amplitude in
this vicinity.) Continuum damping cuts off the low
mode numbers, while electron kinetic damping is the
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only mechanism which can account for the cut-off of
high mode numbers. The total predicted growth rate
Y=+ v + v + v T Y« shown in Fig. 14, never
exceeds zero due to the uncertainties in applying the
theories to DIII-D experimental cases. Nevertheless,
the most unstable mode numbers lie in a broad range
of 2 s n < 35, in good agreement with experimental
observations (Fig. 1, for example).
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FIG. 13. Mode number dependence of predicted contributions to
the TAE mode growth rate vy/w, evaluated at q = 3/2 in discharge
71 524. Solid lines: v;: fast ion drive, —Yyan, = — (v + . + v+
total damping rate. Dashed lines: —v;: electron kinetic damping,
—%.: continuum damping, —(y, + v;): sum of electron and ion
Landau damping.
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FIG. 14. Mode number dependence of predicted net growth rate
Y = Yt Yiamp evaluated at q = 3/2 in discharge 71 524.
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A similar analysis of twelve other discharges with
observed TAE instabilities has yielded results which
are qualitatively consistent with those described above.
These discharges were chosen to represent a wide
range of plasma configurations, including limiter
L mode discharges with elongations from 1.2 to 1.6,
and double null divertor H mode discharges with elon-
gations up to 2.1. For a toroidal mode number n = 4,
electron kinetic damping always dominates at the
g = 1.5 surface. There can be a significant contribu-
tion from ion Landau damping in the centre of the dis-
charge, while continuum damping makes a significant
contribution at larger minor radius. The ratio of the
fast ion driving rate (estimated from the neutron emis-
sion) to the damping rate is found to range from about
one half to unity. This is reasonable agreement consid-
ering the uncertainties in estimating the fast ion pres-
sure profile and the limitations of the theoretical
expressions used here, and is consistent with the
hypothesis that mode induced losses limit the fast ion
pressure at the marginally stable value.

We conclude that there is reasonably good agree-
ment between theories of TAE growth rate and
experimental observations in DIII-D. At marginal
stability the predicted driving and damping rates agree
within a factor of two. That is, the theoretically esti-
mated threshold in fast ion beta is only about a factor
of two larger than the experimental value. Continuum
damping dominates for low mode numbers, while elec-
tron kinetic damping dominates for high mode num-
bers. With a doubling of the ion temperature, ion
Landau damping could also become important in the
centre of the discharge, particularly for low mode
numbers. Collisionless electron Landau damping is
negligible in comparison with the other damping
mechanisms. An intermediate range of mode numbers
is predicted to be most unstable, in agreement with the
experimental observations. These conclusions are
insensitive to the choice of equilibrium pressure pro-
file, as long as consistency is maintained with the
measured thermal pressure profile, neutron emission,
and magnetic data. The conclusions are also insensitive
to the radial location of the mode, within the range
1 < g <2

5. CONTROL OF TAE MODES
The understanding of the damping mechanisms for
TAE modes which was gained in the preceding section

can point the way toward stabilization of these modes
by control of the background thermal plasma.
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The simplest means of avoiding TAE modes, of
course, would be to decrease the fast ion driving term.
The resonance condition can be avoided by reducing
ve/uy, or the growth rate can be reduced by decreasing
the fast ion beta or increasing the fast ion pressure
gradient scale length. However, we must assume that
in a fusion reactor, these quantities are dictated largely
by such considerations as magnet technology and the
alpha particle power density required for ignition, and
are not easily subject to change.

In this section we shall describe a preliminary ex-
periment in which TAE modes were transiently sup-
pressed by altering the current density profile in the
plasma. The influence of discharge elongation will also
be discussed.

5.1. Current profile control

Current profile control is a promising approach for
suppression of TAE modes, since both the continuum
damping and electron kinetic damping terms.depend on
the magnetic shear s. In the analytic approximation,
electron kinetic damping increases with shear as
vk ~ §¥3. The continuum damping rate v, has a more
complex functional dependence on the shear, but the
dependence is strong, at least linear for s = 1, and
becoming much stronger for s < 1. Therefore we
expect that increasing the magnetic shear should
increase the damping. Furthermore, increasing the
shear should preferentially damp the lower mode num-
bers since the dependence on shear is stronger for con-
tinuum damping and this mechanism is most important
for low mode numbers.

TAE modes can be stabilized temporarily with a
transient modification of the current profile produced
by ramping the plasma current. Figure 15 shows time
traces for discharge 71 531, in which the current was
ramped down rapidly from 0.9 to 0.6 MA. A refer-
ence case with constant plasma current at the lower
value, discharge 71 517, is also shown. After the end
of the current ramp, the values of beam power, plasma
current, safety factor and electron density are the same
in the two discharges. The current ramp-down in dis-
charge 71 531 results in a peaked current profile with
high shear, which then relaxes on a slower time-scale
toward a steady state profile. An indication of the
change in the current profile is given by the internal
inductance £ (calculated from equilibrium fits by using
magnetic data only), which is high at the end of the
current ramp and then decays toward the lower value
of the constant current discharge. More detailed
equilibrium fits show that the peaked current profile
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has two effects: the shear increases in the outer portion
of the discharge, and the rational q surfaces shift
toward larger minor radius, so that even the shear at
the g = 1 surface becomes larger.

The change in current profile has a marked effect on
the behaviour of the TAE mode. In the constant cur-
rent discharge, the TAE activity, represented by the
high pass filtered magnetic probe signal, rises im-
mediately as the beam power reaches 10 MW. In the
current ramp-down discharge, the onset of large TAE
activity is delayed by about 200 ms after the end of the
ramp-down. This delay is about the same as the time
scale on which the current profile (§) relaxes toward
the constant current case.

I (MA) (@

1'0'\ .

o5 T

0‘ 8 | I | ]
104 (dBg/dt) (T/s) (d)

tirﬁe (s)

FIG. 15. Time traces for discharges with current rampdown (solid
lines) and constant current (dashed lines). Traces: (a) plasma cur-
rent 1,; (b) neutral beam power Pyp and electron density 7,; (c)
internal inductance I, from MHD equilibrium fits; (d) TAE activity
(high pass filtered magnetic fluctuation amplitude {dB,/df),

90 < f < 250 kHz). Discharges 71 531 and 71 517: By = 1.0 T,
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FIG. 16. Alfvén continuum spectra for high shear and low shear
discharges. (a) High shear, immediately after current rampdown.
(b) Low shear, constant current. Solid curves show the continuum
spectrum for n = 3, and dotted curves show the envelope for the
continua of all mode numbers, both calculated by CONT. The
measured TAE frequency is also shown. Discharges 71 531 and
71 517.

The reduced TAE activity in the high shear (high £)
case is consistent with changes in the Alfvén con-
tinuum spectrum calculated by CONT. The spectra
shown in Fig. 16 are calculated by using full equi-
librium reconstructions with all available profile data.
A flattened central fast ion pressure profile was
assumed, similar to Case B in Fig. 5. In the high £
case immediately after the current ramp-down, the
spectrum gap near the edge of the discharge is smaller,
and the rational g surfaces have moved outward rela-
tive to the constant current case. Both of these changes
increase the opportunity for damping by coupling to
the continuum near the edge of the discharge. The
experimentally observed TAE mode frequencies are
also indicated. In the constant current case (Fig. 16(b)),
the observed frequency misses the continuum at the
edge of the plasma, providing no opportunity for con-
tinuum damping there; but in the current rampdown
case (Fig. 16(a)), the observed frequency intersects the
continuum, which should result in enhanced continuum
damping.

NUCLEAR FUSION, Vol.33, No.12 (1993)



Furthermore, coupling to the continuum near the
edge of the discharge, which occurs only in the high £
case, may damp the mode more strongly than does
continuum coupling near the centre, which occurs in
both cases. In Eq. (6) for the continuum damping of a
radially extended TAE mode, the functions H_(s) and
H _(s) represent spatial integrals near the regions of
continuum coupling at small and large minor radius
respectively [10, 33]. Both are strongly decreasing
functions of magnetic shear s. Thus, when continuum
coupling occurs in the high shear region near the
plasma edge, it is likely to make a larger contribution
to the continuum damping rate than coupling in the
central low shear region. Consistent with this predic-
tion, other comparisons of experiment and theory [19]
as well as the present current ramp experiment show
that the existence and strength of observed TAE
activity are better correlated with the presence or
absence of a continuum crossing near the edge than
with crossings near the centre. (In the simplified local
analysis presented earlier in this paper, all contribu-
tions to the growth rate were evaluated by using
experimental parameters at a single radial location. A
more realistic result might be obtained by evaluating
H_(s) and H (s) at the continuum crossing locations
calculated by CONT, but this is beyond the scope of
the present work.)

The range of most unstable mode numbers is pre-
dicted to shift to higher » in the current rampdown
case. The damping rates increase as expected when the
analytic expressions of Section 4 are applied to the two

0.2
Ve
Xy (=133
0.1 T~
(=108
0.0 T T T
0 3 4 5 6

q (safety factor)

FIG. 17. Radial profiles of continuum damping rate v, for dis-
charges with high shear (solid line) and low shear (dashed line).
Here the damping rate is plotted versus q, in order to compare the
stability of modes at the same rational flux surface in cases with
different spatial profiles of q. The break in each curve represents a
transition between asymptotic high shear approximations and more
exact numerical values in evaluating the terms in Eq. (5). Dis-
charges 71 531 and 71 517.
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FIG. 18. Mode number dependence of the predicted growth rate in
discharges with high shear (solid line) and low shear (dashed line).
Y = Y+ Yaamp is evaluated at q = 3/2 in discharges 71 531 and
71 517.

equilibrium reconstructions. The continuum damping
rate v, at ¢ = 3/2 is approximately doubled in the
current rampdown case, as shown in Fig. 17 for a
representative toroidal mode number n = 4. There is
very little change in the electron kinetic damping rate
at a fixed value of g, because the increase in shear is
offset by a decrease in electron temperature as the
rational surfaces shift to larger minor radius. Conse-
quently, the main effect of the increase in shear is to
reduce the growth rate for low mode numbers, where
continuum damping is important (see Fig. 18). Because
of the proportionately greater change in damping at
low n due to the enhanced continuum damping, the
maximum total growth rate (evaluated at g = 3/2)
shifts from n = 2-3 in the constant current case to

n = 3-5 in the current ramp-down case.

Experimental evidence for this predicted shift in the
TAE mode spectrum is seen most clearly in a set of
discharges from another experimental run, with para-
meters very similar to the discharge 71 531 above.
Here different timing of the fast digitizers in two iden-
tical discharges, 72 381 and 72 383, allows the evolu-
tion of the mode spectrum to be followed for 300 ms
after the end of the current ramp-down. All other dis-
charge parameters (beam power, plasma current, elec-
tron density, discharge shape) are constant during this
time. As seen in Fig. 19, immediately after the ramp-
down the TAE spectrum consists primarily of mode
numbers n = 6-8 at small amplitude. As the current
profile relaxes toward lower shear and lower internal
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inductance, the TAE spectrum evolves toward lower
mode numbers and larger amplitudes. After 300 ms,
the TAE spectrum consists primarily of mode numbers
n = 3-5, at much larger amplitude. The inferred
Doppler shift and Doppler corrected TAE frequency do
not change much, indicating that the shift in the spec-
trum does not result from a change to a different mode
location within the plasma. This change in the spec-
trum agrees well with the prediction of Fig. 18.

The good qualitative agreement of the predicted
changes in the TAE spectrum with the experimental
observations confirms the conclusions of Section 4,
particularly the importance of continuum damping for
low mode numbers. Previous experiments in DIII-D
have shown that peaked current profiles are beneficial
for MHD stability [48, 49] and energy confinement
[50]; the same type of profiles also appear to be
beneficial for stabilizing TAE modes. In the future,
current profile control with RF current drive should
allow such profiles to be sustained in steady state.

(a) 1930 ms
ti=1.32

6 78

(b) 2026 ms
£i=1.20
67

5 8

107 2 5 .
] e
10‘ 3 4 {c) 2108 ms
100 li=1.16
10
10"
10°
-3 > i A o A A
0 (d) 2214 ms
10 = (=113

0 50 100 160
f (kHz)

FIG. 19. Time evolution of the TAE mode spectrum during the
current profile relaxation following a plasma current ramp-down.
Toroidal mode numbers of TAE peaks are indicated. Discharges
72 381 and 72 383: By = 0.8 T, I, = 0.6 MA, 1, = 4 X 10 cm™,
Pyz = 10 MW.
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FIG. 20. Time traces for discharges with low elongation (solid
lines) and high elongation (dashed lines). Traces: (a) limiter safety
factor qy,,, and electron density n,; (b) neutral beam power Pyg and
neutron emission; (c) TAE activity (high pass filtered magnetic fluc-
tuation amplitude, (dBy/dt), 90 < f < 250 kHz). Discharges
72393:k =121, = 0.44 MA, and 72 389: k = 1.6, 1, = 0.75
MA, both with By = 0.8 T.

5.2, Discharge shaping

Discharge elongation is found experimentally to
have a stabilizing effect on TAE modes, which is
qualitatively similar to the effect of increased magnetic
shear described above. This may be the origin of the
differences which have been noted between the obser-
vations in DIII-D and TFTR. Figure 20 shows time
traces and discharge shapes for two discharges having
similar parameters except the elongation. The reference
case, discharge 72 389, has an elongation k = 1.6,
similar to the discharges discussed earlier. This is
compared to discharge 72 393, which has an elonga-
tion k = 1.2. The edge safety factor is kept the same
in the two cases by reducing the plasma current for the
low elongation discharge. The two cases have the same
beam power and similar plasma density.

The TAE mode is destabilized at lower beam power
in the low elongation case and may also cause greater
fast ion loss. In the « = 1.2 case, the TAE mode
grows to large amplitude when the beam power
reaches 7.5 MW, while in the x = 1.6 the mode
becomes large only at 10 MW of injected power. The
neutron emission in the low elongation case is virtually

NUCLEAR FUSION, Vol.33, No.12 (1993)
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FIG. 21. Evolution of the TAE mode spectrum with increasing neutral beam power in discharges with (a, b) low elongation and (c, d) high
elongation. Toroidal mode numbers of TAE peaks are indicated. Discharges 72 393 and 72 389. :

constant as the beam power increases from 5 to 7.5
and 10 MW, indicating a large loss of fast ions, while
in the high elongation case there is some indication of
fast ion loss only as the power increases from 7.5 to
10 MW.

Corresponding differences are seen in the Fourier
spectra of the magnetic probe signals, as shown in
Fig. 21. At a beam power of 7.5 MW, the low elonga-
tion case has a set of TAE peaks dominated by mode
numbers n = 2-5, while the high elongation case has
no clear TAE spectrum. At 10 MW, the low elonga-
tion case has large TAE activity with mode numbers
n = 1-3, while the high elongation case has smaller
amplitude activity with n = 5-7. (Note that some of
the TAE spectrum in the low elongation case falls
below the 90 kHz cutoff of the high pass filtered mag-
netic probe signal, so the TAE amplitude for this case
is actually larger than implied by Fig. 20.)

The same correlation between mode number and
elongation is also seen in a broader database. In
Fig. 22, the mode number with maximum amplitude at

NUCLEAR FUSION, Vol.33, No.12 (1993)
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FIG. 22. Dominant TAE mode number versus discharge elongation
Jor discharges with moderate q (3.4 < Qo5 < 5.5, where g is the
safety factor at the 95% poloidal flux surface).
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high frequency (f 2 50 kHz) has been plotted versus
elongation for 89 discharges with moderate values of g.
Although there is a wide range of observed mode num-
bers, there is also a clear upward trend with elonga-
tion, .In particular, mode numbers n = 1 and n = 2
are dominant only in discharges with low elongation,

k < 1.4.

These observations are qualitatively consistent with
the differences in details of the experimental results in
DIII-D and TFTR. Many parameters (I,, Br, Pyg, 7,
g, and k) of the DIII-D low elongation case, discharge
72 393, are very similar to those of the TFTR dis-
charges in which TAE modes have been reported
[2, 13]. In the DIII-D low elongation case, the lower
threshold in beam power is consistent with the some-
what lower threshold in fast ion beta in TFTR. The
shift to lower toroidal mode numbers in the DIII-D
low elongation case is also consistent with the mode
numbers n ~ 2-3 observed in TFTR.

We can speculate on the reasons for this elongation
dependence although the theories for driving and
damping of TAE modes which were applied in Sec-
tion 4 do not include non-circular discharge shapes.
The shift to higher mode numbers which accompanies
the improved stability at high elongation suggests
stronger continuum damping of the low mode num-
bers, as in the current ramp-down case discussed
above. The g profiles of the high and low elongation
cases are quite similar to each other so that it is here
difficult to attribute the increased damping to a change
in the shear profile. We speculate that, when the TAE
frequency does intersect the stable Alfvén continuum,
the stronger shaping of the high elongation case
improves the coupling to the continuum modes and thus
increases the continuum damping. Numerical calcula-
tions indicate that triangularity can enhance the con-
tinuum damping of EAE modes by this mechanism
[45], and similarly one would expect elongation and
triangularity to enhance the continuum damping of
TAE modes. However, verification of this speculation
requires the development of a complete theory of con-
tinuum damping in non-circular geometry [44-46].

6. DISCUSSION

Although much work remains to be done, experi-
ments and theory are converging toward an under-
standing of the stability of TAE modes. Several
important physical mechanisms have been identified,
and their relative importance has been estimated for
experimental data. The qualitative behaviour of the
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experimental observations is consistent with theoretical
expectations, and the quantitative agreement is reason-
ably good considering the limitations of the data and
the theories. With the inclusion of realistic experimen-
tal geometry and finite beta effects in the theories, it
should be possible in the future to make quantitative
predictions of TAE mode stability for reactor relevant
devices.

TAE modes driven by neutral beam ions were previ-
ously identified in DIII-D [1]. This identification has
been further confirmed here by the dependence of the
mode’s stability on the beam injection angle and by
the good agreement of the frequency with theoretical
predictions as the Alfvén speed is varied by more than
a factor of two.

The threshold in the ratio v¢/v, implied by the
resonance of the fast ions with the TAE mode has
been confirmed in a single-parameter scan. However,
the threshold is not a sharp one nor does it occur
exactly at v; = v,. Possible explanations include pitch
angle scattering of the fast ions [1], sideband coupling
{8, 21, 22] by ions with vi/vs ~ 1/3, finite fast ion
orbit width effects [34], and destabilization of a
radially extended mode by fast ions located off the
resonant flux surface [41]. More realistic calculations
are planned of the fast ion distribution and its interac-
tion with the predicted mode structure, in order to
assess the importance of these effects for DIII-D
experiments.

The main discrepancy noted in Ref. [1], the order of
magnitude disagreement between the observed thresh-
old in fast ion beta and predictions based on the elec-
tron Landau damping rate, has been resolved. The
observed threshold in fast ion beta for destabilization
of the TAE mode is within about a factor of two of
estimates based on more recent theoretical predictions
of the growth rate. The range of unstable mode num-
bers agrees well with predictions. Results of experi-
ments to modify the TAE mode stability are also
consistent with predictions.

Several damping mechanisms have been identified
as important, depending on the mode number and the
region of the plasma. The largest damping rate at all
but the lowest mode numbers (» ~ 1-2) arises from
non-ideal electron dynamics, including coupling to
kinetic Alfvén waves. This is also the only theory out
of those considered which has the appropriate mode
number dependence to cut off the TAE mode at high
mode numbers. Continuum damping becomes large at
low mode numbers, leaving the observed intermediate
range of mode numbers as the most unstable. Ion
Landau damping may also become competitive in the
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case of low mode numbers, particularly near the centre
of the discharge where the ion temperature is high and
the continuum damping is kept small by low magnetic

shear.

The agreement within about a factor of two between
estimates of the total predicted damping rate and fast
ion driving rate can be considered good, in view of the
many simplifying assumptions which were used in
deriving the theories and adapting them to an easily
calculated analytic form. In the future, removal of
some of these assumptions from the theories will allow
a more exact comparison with the experiment. Work is
now in progress to calculate the low »n continuum
damping rate in a DIII-D equilibrium [46].

The greatest uncertainty in the experimental mea-
surements is in the fast ion pressure profile. At
present, the fast ion profile can only be estimated
from classical deposition and slowing down calcula-
tions and the total neutron emission rate. Nevertheless,
we have shown that the qualitative conclusions about
the stability of the TAE mode are insensitive to the
exact form assumed for the fast ion pressure profile. In
the absence of a fast ion profile diagnostic, estimates
of the experimental fast ion pressure could be improved
by incorporating predictions of the fast ion loss in the
presence of a TAE mode; these calculations are
planned for DIII-D equilibria.

It should be possible to measure the total damping
rate of the TAE mode directly, by exciting the mode
with an antenna [5, 45] under conditions where the
mode is stable. The width of the resonance observed
as the antenna frequency is swept through the TAE
frequency is proportional to the net damping rate. Such
a measurement would allow the effects of current pro-
files or discharge shape to be studied, independent of
uncertainties about fast ion profiles and velocity distri-
butions or theories of fast ion drive.

Current profile control appears to be a promising
approach to the stabilization of TAE modes through
enhanced continuum damping. The transient current
profile modification experiments described here have
shown changes in the behaviour of TAE modes which
are in qualitative agreement with damping theories.
The centrally peaked current profile which is favour-
able for TAE mode stability has also been found to
enhance energy confinement [50] and the high beta
stability limit [48, 49]. In the future, the development
of growth rate theories for realistic experimental geo-
metries will allow the best current profiles for TAE
stability to be determined, and profile control with
RF current drive will allow such profiles to be
sustained.
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Discharge shaping (elongation and triangularity)
should also have an important influence on the stability
of TAE modes. Preliminary experiments in DIII-D
suggest that increased alongation has a stabilizing
effect, perhaps again by enhancing the continuum
damping. These observations may also be consistent
with TFTR experiments. The effect of discharge shape
on TAE mode stability could be important for design
of future devices such as ITER.

Although the threshold value of fast ion beta for
destabilization is larger than initially expected, the
TAE mode remains a potential problem for future
devices such as ITER [51]. Fusion alpha particles in
ITER are expected [52] to have a ratio v;/v, ~ 1.3-1.8
and a beta value 8; ~ 0.4-1.3%. At least part of this
range lies in the regime where strong instability was
observed in the DIII-D experiments. Similarly, the
1.3 MeV neutral beams proposed for noninductive cur-
rent drive in ITER would have a ratio vi/v, ~ 1.1-1.6
which could be destabilizing, although the fast ion beta
value 3; ~ 0.1-0.2% is below the 1% threshold ob-
served in DIII-D. Therefore it is important to continue
the development of stability theories in order to predict
accurately the stability of TAE modes in ITER, as well
as other devices. Similarly, it is important to continue
the exploration of the stabilization of TAE modes by
current profile control and other means.

7. CONCLUSIONS

Experiments show that the TAE mode exists in pre-
sent day tokamaks and can cause significant loss of
fusion products. The good agreement between mea-
sured and calculated frequencies gives credence to the
theoretical description of this instability. A qualitative
comparison of experimental data with various predic-
tions for the growth rates shows that high mode num-
bers are stabilized by electron kinetic effects, while
low mode numbers are stabilized by continuum damp-
ing and possibly by ion Landau damping. The depen-
dence of continuum damping and electron kinetic
damping on magnetic shear implies that current profile
control can help to stabilize TAE modes, and prelimi-
nary experiments with a transiently peaked current
profile support this conclusion. Experimental results
indicate that discharge shaping may also have a
stabilizing effect. In the future, improved means of
current profile control (RF current drive, for example)
should make it possible to avoid this instability, both
in present experiments and in reactor relevant devices
such as ITER.
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